We present a comprehensive analysis of terahertz waves propagation through a bulk MoS 2 crystal slab. It is shown that broadband coherent perfect absorption can be achieved and the coherent absorptivity can be adjusted from 1.57% to 99.97% by means of phase modulation. Moreover, the relative bandwidth for over 90% coherent absorptivity can be as wide as 179%. By increasing the doping rate in MoS 2 crystal, the coherent absorptivity spectrum exhibits a clear blueshift whilst the peak coherent absorptivity remains over 99.9%. Full-wave numerical simulations are further carried out to confirm the validity of our theoretical analysis.
Introduction
As a contender of graphene, molybdenum disulfide (MoS 2 ) has attracted immense popularity owing to its distinctive physical, electronic, and optical properties [1] - [4] . The bulk MoS 2 crystal is an indirect bandgap semiconductor with a large bandgap energy (around 1.3 eV), while it can be transformed into a direct semiconductor in the monolayer limit [5] . Therefore, MoS 2 shows more favourable electronic properties than those of graphene for design of next generation electronic devices. In particular, Jayasekara et al. [6] presented a spaser made of a circular shaped highly doped MoS 2 resonator which has lower operating threshold and higher mode energy than graphene based spasers. Deng et al. [7] found that the total losses due to the reflection and absorption of a monolayer MoS 2 is three orders lower than those of graphene.
On another hand, with the development of metamaterials and metasurfaces, there is an enormous interest in perfect absorption [8] - [11] . Metamaterial absorbers with subwavelength thickness and nearly perfect absorption have been widely investigated for applications such as light harvesting [12] , biomedical sensing [13] , and electromagnetic shielding [14] . Recently, considerable research effort has been spent on realizing perfect absorption in a system where two coherent beams incident from opposite sides onto an absorbing medium. The coherent perfect absorption can be achieved by utilizing destructive interference of reflected and transmitted waves resulting from incident beams at both sides. This scheme is widely referred as coherent perfect absorption (CPA) [15] - [17] . Unlike metamaterial absorbers whose absorptivities are fixed to the initial design, the absorptivity in a coherent system can be flexibly controlled through phase modulation of the two coherent incident waves [18] , [19] , which are very attractive for applications including transducers, modulators, and electromagnetic switchers.
As a time-reversed analog of lasing, CPA is commonly achieved using a metasurface composed of complicated subwavelength resonators and thus has a narrow bandwidth, which prevents it from being used in broadband applications [20] , [21] . In this paper, we theoretically demonstrate that broadband CPA can be achieved in a bulk MoS 2 crystal. The reflection and transmission coefficients of an electromagnetic wave propagating through an MoS 2 crystal are analysed by characterizing MoS 2 crystal's dispersive permittivity using Drude's model and enforcing the boundary conditions at both surfaces of the MoS 2 slab. It is shown that the electromagnetic energy of two anti-propagating waves from both sides of the MoS 2 slab can be almost totally absorbed and the coherent absorptivity can be adjusted effortlessly from nearly 0 to 100% by phase modulation. It is also demonstrated that the absorptivity spectrum of the MoS 2 crystal can be controlled by electrochemical doping. As we increase the doping rate, the spectrum of coherent absorptivity exhibits a clear blueshift whilst the peak coherent absorptivity stays nearly uniform. Furthermore, full-wave numerical simulations are carried out for the purpose of verifying the accuracy of our theoretical estimates.
Theoretical Analysis
A bulk MoS 2 crystal can be considered as the layer-by-layer stack of MoS 2 monolayers bounded by weak van der Waals forces, where strong interactions only exist within the basal plane of covalent bonds. Therefore, MoS 2 crystal is highly anisotropic, which can be characterized with an anisotropic dielectric permittivity having an in-plane term ε and an out-of-plane term ε ⊥ [22] . The out-of-plane term is chosen to be ε ⊥ = 7.43, which is obtained from ab initio calculations [23] . The in-plane term of the effective relative dielectric permittivity of MoS 2 crystal at terahertz (THz) frequencies follows the Drude model [24] , [25] 
where ε ∞ = 11.475 is the dielectric constant at high frequency limit, ω p = N e 2 /(ε 0 m * ) is the plasma frequency, and = e/(m * μ c ) is the damping rate of the carriers. Here, e is the charge of an electron, m * = 0.58m e is the effective mass of the carriers with m e being the mass of an electron, μ c is the carrier mobility, and N is the intrinsic carrier density. We assume /2π = 1.17 THz, which was retrieved from experimental data [24] , and the plasma frequency ω p can be adjusted by controlling the carrier density in MoS 2 crystal via electrochemical doping. In Fig. 1 , we show the effective dielectric permittivity of MoS 2 crystal with different carrier densities. It is seen that when increasing N from 5 × 10 16 cm −3 to 5 × 10 17 cm −3 , the real component of ε decreases from positive to negative, exhibiting the transition of MoS 2 crystal from dielectric to metallic phase. On the other hand, the imaginary component of ε increases significantly. It is worth noting that, for each case, the imaginary component is much higher than the real component, which can be attributed to the the relatively high damping rate. Fig. 2 shows schematically an electromagnetic wave propagating upon an MoS 2 crystal slab placed at 0 ≤ x ≤ d. We start our analysis by considering a y-polarized wave propagating from left to right E 0 =ŷE 0 exp[i (k 0 x − ωt)], whereŷ is the unit polarization vector along the y direction, ω is the angular frequency, and k 0 = ω/c is the wave vector in free space. For sake of simplicity, we will omit the time variation exp(−i ωt) in the following analysis.
The electromagnetic fields in the left region can be represented as a superposition of forward and backward propagating waves
whereẑ is the unit polarization vector along the z direction, and Z 0 = √ μ 0 /ε 0 is the free space impedance. Similarly, electromagnetic fields inside the MoS 2 crystal slab also have forward and backward terms
where Z 1 = μ 0 /(ε 0 ε ), and k 1 = k 0 √ ε are the impedance of and the wavenumber inside the MoS 2 crystal slab, respectively. We assume the right region in Fig. 2 is a semi-infinite open space where no reflection occurs. Therefore, the electromagnetic field in the right region has only a forward term Continuity of electric and magnetic fields at the boundaries x = 0 and x = d yields to
By solving (5), the complex reflection and transmission coefficients of the MoS 2 crystal slab are obtained.
We now consider the interaction of two anti-propagating electromagnetic waves with a subwavelength MoS 2 slab shown schematically in Fig. 3(a) . In such a system, the forward and backward scattering electromagnetic fields (O ± ) and the two input fields (I ± ) can be connected through a scattering matrix S
The scattering matrix has a symmetric eigenvector [1, 1] T and an antisymmetric eigenvector
T . For an MoS 2 layer with thickness much smaller than the operating wavelength, the antisymmetric eigenvector [1, −1] T has an eigenvalue −1, corresponding to the plane of the MoS 2 at a standing wave's node where electromagnetic losses vanish. Therefore, CPA can occur only for the case of symmetric incidence, corresponding to I + = I − , where the coherent absorptivity can be expressed as
Results and Discussion
To investigate the terahertz coherent absorption characteristics in a thin layer made of MoS 2 crystal, we calculate the coherent absorptivity using Eq. (8) . As an example, we plot the coherent absorptivity in Fig. 3(b) for the MoS 2 crystal with N = 3 × 10 17 cm −3 , illustrating the detailed dependence on the frequency and thickness of the MoS 2 crystal layer. It is seen that, despite the subwavelength thickness, the MoS 2 crystal layer shows reasonably broadband high coherent absorptivities in both frequency and thickness regimes. In particular, the coherent absorptivity in the MoS 2 crystal of 5 μm thick remains higher than 90% in the wide frequency band from 0.1 to 1.805 THz. The relative bandwidth defined as (f max − f min )/f 0 is as high as 179%, where f max , f min , and f 0 are the maximum, minimal, and center frequencies, respectively. As a reference, the relative bandwidth of the high coherent perfect absorption in a typical metasurface is less than 5% [15] , [20] . The bandwidth of high coherent absorptivity, referring to the dispersion of the absorption spectrum, is directly derived from the dispersion of MoS 2 's permittivity. It is revealed in (6) that increasing MoS 2 slab's thickness is, to some extent, equivalent to magnifying the effect of ε 's dispersion. Therefore, the coherent absorption spectrum becomes more dispersive and the bandwidth of high coherent absorptivity narrows. In Fig. 3(d) , it is seen that when increasing the thickness of the MoS 2 crystal layer, the spectrum of the coherent absorptivity shifts slightly to high frequencies and its bandwidth narrows significantly. However, for the MoS 2 crystals with thicknesses of 6 μm and 7 μm, the relative bandwidths of the high coherent absorptivity (A c > 90%) still keep as wide as 99.6% and 76.5%, respectively. Such a broadband high coherent absorptivity can be extensively exploited for applications in wideband absorption and THz communications.
The absorptivity in a coherent system can be controlled by adjusting the phase difference of the two input beams. Considering the forward and backward input electromagnetic fields have a phase difference φ, I + = I − e −i φ , the total absorptivity becomes
In Fig. 3(d) , we show the total absorptivity of a 7 μm-thick MoS 2 slab as a function of phase difference φ at the frequency of 1.52 THz. We see that the corresponding total absorptivity at this frequency can be modulated from 1.57% to 99.97% by adjusting the phase difference of the two input beams. This clearly demonstrate that coherent signals propagating through the MoS 2 crystal can be modulated between nearly completely blocked state to nearly completely transparent state. The modulation depth, defined as the radio of the maximal total absorptivity to the minimal one, is as high as 63.68. This property is well suited for applications such as THz switches and modulators. As discussed before, the electromagnetic characteristic of the MoS 2 crystal can be manipulated by controlling the carrier density through electrochemical doping. As a consequence, the coherent absorption performance of the MoS 2 crystal is highly related to the carrier density N . In Fig. 4(a) , we show the coherent absorptivity spectra of MoS 2 crystal slabs with different carrier densities. It is seen that, when increasing the carrier density from 2 × 10 17 to 5 × 10 17 cm −3 , the coherent absorptivity spectrum exhibits a clear blue-shift, where the frequency of the peak absorptivity shifts from 1.03 to 2.19 THz. By comparing Fig. 1(a) and Fig. 4(a) , we see that at the frequencies of interest, coherent perfect absorption take place when MoS 2 shows metallic behaviour. The resonance frequency shift is due to the fact that with the increase of carrier density, the MoS 2 crystal tends to exhibit more metallic behavior since its permittivity becomes more negative. However, the peak coherent absorptivity remains nearly perfect (A c > 99.9%) for all the carrier densities of interest in our work. Meanwhile, the relative bandwidth of the high coherent absorptivity (A c > 90%) decreases from 175% to 43% as the increase of carrier density. This is due to the appearance of stronger dispersion characteristics in MoS 2 permittivity at increased carrier densities. As a result, the spectrum of coherent absorption shows same stronger dispersion, consequently narrowing the high coherent absorptivity bandwidth.
It is worth noting that all the above calculations are based on the in-plane component of MoS 2 crystal's effective permittivity, which is valid when electromagnetic waves incident normally. In order to verify our analytical calculation and check whether the out-of-plane component of the effective permittivity will affect the absorption performance of the MoS 2 crystal, we further carry out fullwave numerical simulations using finite integration technique. In the simulations, the full anisotropic permittivity of the MoS 2 crystal slab is taken into consideration. As shown in Fig. 4(b) , for each carrier density, the MoS 2 crystal slab shows exactly the same coherent absorptivity spectrum as that in Fig. 4(a) , which confirms the high accuracy of our theoretical estimations.
As a final remark, we would like to note that we used a free-standing MoS 2 crystal merely to assist our proof of concept study and to simplify our analysis. Similar features and characteristics are also achievable using non-free-standing MoS 2 layers, e.g., SiO 2 -MoS 2 -SiO 2 sandwiched structures. It is worth mentioning that conventional semiconductors such as highly doped InSb and silicon show similar Drude type dielectric responses at terahertz frequencies. However, MoS 2 provides significant advantages in mechanical, electronical, and photoelectronical behaviours, and most importantly it offers the possibility to deposit layers of a few nanometers thickness, enabling many uses in highly integrated systems [26] .
Conclusion
In summary, we have theoretically demonstrated that broadband CPA can be achieved in a bulk MoS 2 crystal. The dispersive permittivity of bulk MoS 2 crystal was characterized using Drude model with parameters extracted from experiments. The reflection and transmission coefficients of an electromagnetic wave propagating through the MoS 2 crystal were analysed by solving the boundary conditions at the interfaces. It was shown that the electromagnetic energy of two antipropagating waves can be almost totally absorbed by the MoS 2 slab and that the coherent absorptivity can be effortlessly adjusted from 1.57 to 99.97% by means of phase modulation. It was also demonstrated that the absorptivity spectrum of the MoS 2 crystal can be controlled by electrochemical doping. When the carrier density increases, the spectrum of coherent absorptivity exhibits a clear blueshift whilst the peak coherent absorptivity remains higher than 99.9%. To further confirm the accuracy of our theoretical estimates, we carried out full-wave numerical simulations based on finite integration technique, which shows excellent agreement with our theoretical predictions.
